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Dengue virus infection affects millions of people all over the world. Although the clinical manifestations of dengue virus-induced diseases are
known, the physiopathological mechanisms involved in deteriorating cellular function are not yet understood. In this study we evaluated for the
first time the associations between dengue virus-induced cell death and mitochondrial function in HepG2, a human hepatoma cell line. Dengue
virus infection promoted changes in mitochondrial bioenergetics, such as an increase in cellular respiration and a decrease in ΔΨm. These
alterations culminated in a 20% decrease in ATP content and a 15% decrease in the energy charge of virus-infected cells. Additionally, virus-
infected cells showed several ultrastructural alterations, including mitochondria swelling and other morphological changes typical of the apoptotic
process. The alterations in mitochondrial physiology and energy homeostasis preceded cell death. These results indicate that HepG2 cells infected
with dengue virus are under metabolic stress and that mitochondrial dysfunction and alterations in cellular ATP balance may be related to the
pathogenesis of dengue virus infection.
© 2007 Elsevier B.V. All rights reserved.Keywords: Dengue virus infection; Mitochondrial dysfunction; Metabolism; Energy charge; Apoptosis; HepG2 cell1. Introduction
Dengue virus (DV) infection affects 50–100 million people
and it is considered the major human arbovirosis [1–3]. Dengue
Hemorrhagic Fever (DHF) and Dengue Shock Syndrome
(DSS), the more severe manifestations of DV infection, hos-
pitalize and kill several hundred thousand people annually and
represent a serious public health, economic and social problem,
especially in tropical areas of the globe [1,2,4]. Although the
clinical manifestations of DHF/DSS have already been
described, the pathophysiology of this disease is still not com-
pletely understood, and the molecular mechanisms involved in
organ and cellular dysfunction are not yet clear [2–4].⁎ Corresponding author. Laboratório de Bioquímica de Vírus, Instituto de
Bioquímica Médica, Universidade Federal do Rio de Janeiro Av. Bauhinia no.
400-CCS Bloco H 2° andar, sala 22. Ilha do Governador, 21941-590, Rio de
Janeiro, RJ, Brasil. Fax: +55 21 22708647.
E-mail address: tatiana_elbacha@yahoo.com.br (T. El-Bacha).
0925-4439/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2007.08.003Several lines of evidence support the idea that liver dys-
function is a characteristic of severe dengue infection. Analyses
of liver autopsies from individuals with DHF revealed extensive
areas of tissue damage, with foci of necrosis, steatosis and
apoptosis, characterized by the presence of apoptotic bodies
[5,6]. Viral antigens were detected near the lesioned areas,
suggesting an association between virus replication and hepatic
damage [6]. Additionally, it has been reported that cytokines
production is implicated in liver dysfunction [2,7].
Tissue injury is responsible for many of the clinical mani-
festations observed in DHF/DSS [5,6], although metabolic
disturbances may also be involved [8,9]. In accordance with
these hypotheses, it has been shown that DV infection induces
apoptosis in different cell types in culture [10]. Some studies
have demonstrated the involvement of anti- and pro-apoptotic
proteins of the Bcl-2 family [9–11] and the participation of
reactive oxygen species [12], suggesting that altered perme-
ability of mitochondrial membranes is involved in the process
of cell death following DV infection.
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between virus-induced cell death and the integrity of mito-
chondrial membranes has been extensively studied [13–16].
Viral proteins that interact with mitochondria are able to
modulate the permeability of mitochondrial membranes and the
liberation of components from the inter-membrane space to
cytoplasm and regulate the process of apoptosis [13–15]. In the
case of pro-apoptotic viruses, the hallmark of cell damage is an
abrupt decrease in mitochondrial membrane electrochemical
potential (ΔΨm) [16].
Although it is well known that altered permeability states can
compromise mitochondrial physiology, ATP synthesis and
consequently cell function, the study of mitochondrial bioen-
ergetic dysfunction during virus infection has not been
characterized in detail. In the case of DV, the possibility that
mitochondrial bioenergetics and cellular energy state are
associated with the deterioration of cell function during the
course of infection has never been addressed.
In the present work it is demonstrated for the first time that
DV infection of a human hepatoma cell line (HepG2) leads to
alterations in the bioenergetic function of mitochondria, in-
dicated by a decrease inΔΨm, altered respiratory properties and
mitochondrial morphology. These events compromise cellular
energy homeostasis and may be related to the pathophysiology
of DV infection.
2. Materials and methods
2.1. Cell culture and virus propagation
HepG2 cells were acquired from American Type Cell Collection (USA).
HepG2 is a differentiated human hepatocellular carcinoma cell line, which
preserves many of the morphological and functional characteristics of
hepatocytes [17–19], thus representing an interesting model for the study of
liver bioenergetics during DV infection.
Cells were cultured on appropriate medium (Minimum Essential Medium
with 5 mM glucose) supplemented with 10% fetal bovine serum (Invitrogen
Corporation, USA), 100 U/mL penicillin, 100 g/mL streptomycin, 0.22% so-Fig. 1. Dengue virus infection increases oxygen consumption and alters respiratory p
bar) or DV-infected (gray trace and bar) and oxygen consumption was measured
consumption in intact cells. (b) Basal respiration. (c) Oligomycin-independent r
⁎Significantly different from mock-infected cells (Paired t-test; Pb0.05).dium bicarbonate and 0.2% HEPES, pH 7.4 in a CO2 humid incubation chamber
at 37 °C. For fluorescence analyses, cells were grown on glass coverslips on a 24
well plate. For all other assays, cells were grown on plastic Petri dishes. In each
assay, cells were seeded at a density of 105 cell per mL. After 2 days, cells were
either mock-infected or infected with DV serotype 2 Asiatic strain 16681 (m.o.i.
of 1 plaque forming units per cell). Assays were performed 48 h after infection,
since peak of DV replication in HepG2 cells occurs during this period (data not
shown). For preparations of virus stocks, DV serotype 2 Asiatic strain was
propagated in C6/36 A. albopictus cells.
2.2. Oxygen consumption
Oxygen consumption was measured in an oximeter (Yellow Springs
Instruments Co., USA or Hansatech, UK) using a Clark type electrode, in a
1.0 mL water jacket maintained under constant stirring, at 37 °C. Intact and
permeabilized HepG2 cells were used for analyses of respiratory properties of
mitochondria.
For measurements of oxygen consumption of intact cells, approximately
5×106 cells were suspended in culture medium (MEM) without fetal bovine
serum, as described elsewhere [20]. After recording basal respiration, 3 μg/mL
oligomycin was added to record oligomycin-independent oxygen consumption.
Oxygen consumption in the presence of oligomycin represents the sum of proton
leak through the inner mitochondrial membrane plus any non-mitochondrial
oxygen consumption. The block of respiration observed after the addition of
antimycin A reveals that the non-mitochondrial oxygen consumption in HepG2
cells is negligible (Fig. 1a). Maximum respiration was achieved by adding
FCCP 200 nM. Optimum FCCP concentration was determined after FCCP
titration (40–500 nM, data not shown).
For respiratory complexes activities, respiratory control ratio (RCR) and
ADP/O ratio calculations, permeabilized HepG2 cells were used. In this case,
cells were suspended in respiration medium containing 0.25 M mannitol, 0.1%
bovine serum albumin, 10mMMgCl2, 10mMHEPES, 10mMKH2PO4, pH 7.2,
as described elsewhere [21]. Immediately after the addition of cells (approxi-
mately 5×106 cells), digitonin (0.005%, w/v) was added, followed by respiratory
modulators and substrates. Complex I maximum activity was determined after
the addition of 5 mM pyruvate, 5 mM malate and 5 mM glutamate and 1 mM
ADP. For RCR analyses, 1 μM rotenone and 12 mM succinate were added. After
recording state 4 respiration, 0.1 mM ADP was added to induce state 3
respiration. Due to the presence of endogenous substrates on cell preparation,
RCR, in each case, was calculated after the second addition of ADP. Following
the first addition of ADP, endogenous adenylates are converted to ATP, an
activator of succinate dehydrogenase [22,23] and respiratory control was clearly
measured following the second addition of ADP. ADP/O ratios were calculated
after each addition of ADP.roperties of intact HepG2 cells. Cells were either mock-infected (black trace and
on culture medium without fetal bovine serum. (a) Typical record of oxygen
espiration. Values correspond to the average of 5 independent experiments.
Fig. 2. Dengue virus infection increases oxygen consumption and alters respiratory properties of permeabilized HepG2 cells. Cells were either mock-infected (black trace
and bar) or DV-infected (gray trace and bar) and oxygen consumption was measured on respiration medium. (a) Typical record of oxygen consumption in permeabilized
cells following the addition of 5mMpyruvate+5mMmalate+5mMglutamate, 1mMADP, 1μg/mLoligomycin and 200 nMFCCP. (b) Basal respiration. (c) Oligomycin-
independent respiration. Values correspond to the average of 6 independent experiments. ⁎Significantly different from mock-infected cells (Paired t-test; Pb0.05).
1160 T. El-Bacha et al. / Biochimica et Biophysica Acta 1772 (2007) 1158–11662.3. Mitochondrial membrane potential (ΔΨm)
JC-1 dye (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocya-
nine iodide; Molecular Probes) was used to measure changes in ΔΨm following
DV infection. JC-1 has the property to selectively enter into mitochondria and
according to the magnitude of ΔΨm, its oligomeric state changes reversibly and
so does its fluorescence properties. The ratio red:green fluorescence intensity of
JC-1 gives an index of the ΔΨm, where the higher the ratio, the higher the ΔΨm
[24]. Cells were incubated with 5 μg/mL JC-1 at 37 °C for 1 h. Microscopic
analyses of fluorescent images were performed using an epifluorescence
microscope (Olympus BX40, Tokyo, Japan) equipped with appropriate filters
and using 40× oil-immersion objectives (Ex 485 nm; Em JC-1 Red 546, Em JC-1
Green 532 nm).
2.4. HPLC of cellular nucleotides
HepG2 nucleotides were analyzed by reverse-phase ion-pair high-perfor-
mance liquid chromatography (HPLC) in a LC-10AS chromatograph with a
high-pressure phase mixer and a UV-visible detector (SPD-10A; Shimadzu,Fig. 3. Dengue virus infection increases oxygen consumption and decreases RCR an
(black trace and bar) or DV-infected (gray trace and bar) and oxygen consumption wa
permeabilized cells following the addition of 12 mM succinate and 0.1 mM ADP. (b
ratio. Values correspond to the average of 5 independent experiments. ⁎SignificantlJapan) operated at 254 nm as described in [25]. Briefly, cells were disrupted with
liquid N2 and cellular proteins were precipitated with cold trichloroacetic acid
(6%, w/v). Before injection, samples were neutralized with 2.5 M K2CO3.
Samples and standards were eluted from the column (Hypersil ODS, Supelco
Co.) with a linear solvent gradient between phase A (10 mM tetrabutylammo-
nium, 10 mM KH2PO4, 0.25% methanol) and phase B (5.6 mM tetrabuty-
lammonium, 50 mM KH2PO4, 30% methanol). Identities of AMP, ADP, and
ATP peaks were confirmed by spiking of samples with nucleotides standards.
Nucleotides were quantified by external calibration of peak areas of standards.
Energy charge (EC) was calculated according to the following equation, as
described in reference [26]:
EC ¼ ½ðATPÞ þ 0:5 ðADPÞ=½ðAMPÞ þ ðADPÞ þ ðATPÞ ð1Þ
2.5. Transmission electron microscopy
HepG2 cells were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer,
pH 7.2. Cells were post-fixed on 1% OsO4 in cacodylate buffer plus 5 mM
CaCl2 and 0.8% potassium ferricyanide, dehydrated in acetone series andd ADP/O ratio of permeabilized HepG2 cells. Cells were either mock-infected
s measured on respiration medium. (a) Typical record of oxygen consumption in
) Respiratory control ratio (state 3/state 4 oxygen consumption rate). (c) ADP/O
y different from mock-infected cells (t-test; Pb0.05).
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collected on copper grids, stained with uranyl acetate and lead citrate, and
examined in a JEOL 1210 transmission electron microscope.
2.6. Statistical analysis
Statistical analyses were performed using Statgraphics version 4.0 (Sta-
tistical Graphics Corporation/Plus Ware). Results are presented as means (±SE).
Paired and unpaired Student's t-tests were used for comparison of mock-
infected (control) and DV-infected cells. Two-tailed P valuesb0.05 were consi-
dered statistically significant.3. Results
3.1. DV infection induces alterations in mitochondrial
respiratory properties in HepG2 cells
The effects of DV infection on the respiratory properties of
mitochondria were investigated in intact and permeabilized
HepG2 cells. In order to study the effects of DV infection on
cellular respiration under physiological conditions, intact HepG2
cells were used. Fig. 1a shows a typical record of oxygen
consumption in intact HepG2 cells where it can be seen that both
basal and oligomycin-independent respiration are increased in
DV-infected cells. Basal respiration significantly increased from
3.62 nmol O2/10
6 cell×min−1 in mock-infected cells to
4.02 nmol O2/10
6 cell×min−1 in DV-infected cells (Fig. 1b;
Pb0.05). Additionally, oligomycin-independent respiration in-
creased from 0.83 nmol O2/10
6 cell×min−1 to 1.09 nmol O2/10
6
cell×min−1 in infected HepG2 cells (Fig. 1c; Pb0.05). FCCP
addition to either mock-infected and infected cells stimulated
maximum respiration in a similar way (Fig. 1a), suggesting that
DV infection did not cause any alteration in the electron chain
capacity of HepG2 cells.
Figs. 2a and 3a show typical records of oxygen consumption
in mock-infected and DV-infected permeabilized cells using,
respectively, NADH-linked or succinate as respiratory sub-Fig. 4. Dengue virus infection promotes a decrease in mitochondrial membrane poten
37 °C. JC-1 fluorescence in mock-infected (a, b) and in DV-infected cells (c, d) was c
green fluorescence intensity in mock-infected (black bar) and DV-infected cells (grastrates. In agreement with the results obtained from intact cell,
both basal and oligomycin-independent respiration were also
increased in permeabilized cells (Fig. 2a). Basal respiration
increased from 0.60 nmol O2/10
6 cell×min−1 in mock-infected
cells to 0.72 nmol O2/10
6 cell×min−1 in DV-infected cells
(Fig. 2b; Pb0.05), representing a 20% increase. There was no
difference between Complex I respiration from mock-infected
and infected HepG2 cells where oxygen consumption was,
respectively, 1.54 and 1.61 nmol O2/10
6 cell×min−1 (Fig. 2a).
Uncoupled or oligomycin-independent respiration raised from
0.22 nmol O2/10
6 cell×min−1 to 0.37 nmol O2/10
6 cell×min−1
in infected HepG2 (Fig. 2c; Pb0.05), indicating that even in
permeabilized HepG2 cells, DV infection induces changes in
the respiratory properties of mitochondria by altering mito-
chondrial membrane permeability. In agreement with the results
from intact cells, following FCCP addition maximum respira-
tion did not differ between mock-infected and infected cells
(Fig. 2a).
Since complex I-driven respiration was better accessed under
maximum conditions (using 1 mM ADP), ADP/O ratio was
determined feeding Complex II. Fig. 3a shows that after the
addition of succinate, a substrate of Complex II, the rate of
oxygen consumption, in both cases, rose significantly. It is well
established that when cells are maintained in an appropriated
medium containing reducing substrates that can donate hy-
drogen atoms (electrons and protons) to the respiratory electron
chain, mitochondria start to respire at a slow rate due to the
build up of a maximum proton gradient (state 2 or state 4
respiration) [27]. Once ADP and Pi are added, respiration is
increasingly stimulated due to ADP conversion to ATP by FoF1-
ATP-synthase using the proton gradient established across the
inner membrane by the electron transport chain (state 3 res-
piration) and ΔΨm is partially reduced. When limiting amounts
of ADP are added to mitochondria, state 3 respiration persists
until all ADP is converted to ATP and, at this point, the proton
gradient is increased again and oxygen consumption is reducedtial of HepG2 cells. Cells were incubated with 5 μg/mL of the JC-1 dye for 1 h at
aptured using appropriate filters for red (a, c) and green (b, d) emission. (e) Red:
y bar).
Fig. 5. Dengue virus infection affects nucleotide content and energy charge of HepG2 cells. AMP, ADP and ATP contents were measured by reverse-phase ion-pair
HPLC in mock-infected (black) or DV-infected (gray) HepG2 cells. (a) AMP, ADP and ATP contents. (b) Nucleotide pool (AMP+ADP+ATP). (c) Energy charge
(EC), calculated from the equation EC=[(ATP)+0.5×(ADP)]/[(AMP)+(ADP)+(ATP)]. Values correspond to the average of 6 independent experiments.
⁎Significantly different from mock-infected cells (t-test; Pb0.05).
Fig. 6. Dengue virus infection promotesmorphological alterations of mitochondria
in HepG2 cells. (a) Transmission electron microscopy of a mock-infected cell
showing mitochondria with characteristic electron-dense matrix (arrows);
(b) transmission electron microscopy of a DV-infected cell presenting swollen
mitochondria with loss of electron density in the matrix (arrows). Bar=500 nm.
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consumption in state 4 respiration was significantly higher in
DV-infected cells. The calculated state 4 respiration rates were,
respectively, 0.27 and 0.64 nmol O2/10
6 cell×min−1 for mock-
infected and DV-infected HepG2 cells (Pb0.05). The rates of
state 3 respiration did not differ significantly between the two
samples being 2.01 for mock-infected and 2.31 nmol O2/10
6
cell×min−1 for DV-infected cells. These results are in agree-
ment with the calculated rates of oxygen consumption using
NADH-linked substrates (Fig. 2).
The RCR, which is indicative of the state of mitochondrial
permeability, is shown in Fig. 3b. The average RCR was 12.20
in mock-infected cells and 3.98 in virus-infected cells, sug-
gesting that, even in permeabilized HepG2 cells, mitochondria
had lost some of their natural intactness after DV infection.
Fig. 3c shows that the stoichiometry of the oxidative phos-
phorylation, ADP consumed per mol of oxygen atoms reduced
to water (ADP/O ratio), was significantly decreased from 1.81
to 1.49 in DV-infected cells, indicating a decreased efficiency in
ATP synthesis following infection.
The results with permeabilized HepG2 cells are in agree-
ment with those obtained with intact cells. The increase in
oligomycin-independent respiration (Figs. 1c and 2c) and in
state 4 respiration (Fig. 3a) along with the decrease in ADP/O
ratio (Fig. 3c) reinforce the idea that DV-infection affects
mitochondrial membrane permeability and thus the efficiency
of ATP synthesis in HepG2 cells.
3.2. DV infection induces a decrease in ΔΨm in HepG2 cells
In order to better investigate the altered respiratory properties
of HepG2 cells following DV infection, ΔΨm was evaluated.
Fig. 4 shows fluorescence analyses of cells loaded with JC-1
dye. The red:green fluorescence intensity was 3-fold lower in
virus-infected cells, suggesting that DV infection promoted a
decrease in ΔΨm (Fig. 4e). In addition, both red and green
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(Fig. 4c and d), indicating a decreased incorporation of JC-1
into mitochondria and possibly an altered permeability state of
mitochondrial membranes.
3.3. DV infection affects ATP content and energy charge in
HepG2 cells
Nucleotide content was analyzed to investigate whether the
uncoupling of mitochondria and the decrease in ΔΨm in DV-
infected cells were interfering with ATP balance. The average
amounts of AMP, ADP and ATP in mock-infected and virus-
infected samples were, respectively, 0.3 and 1.7 nmol/106 cells;
2.6 and 5.0 nmol/106 cells; 18.7 and 15.5 nmol/106 cells
(Fig. 5a). These differences corresponded to a 5-fold and a 2-
fold increase in AMP and ADP levels, respectively, and a 20%
decrease in ATP levels in virus-infected cells. All differences
shown are significant (Pb0.05).
The cellular adenylate pool composed of ATP, ADP and
AMP includes the majority of the available chemical energy in
cellular metabolism [26]. From the results shown in Fig. 4a, the
total nucleotide pool was 22.5 nmol nucleotide/106 cells for
mock-infected cells and 22.1 nmol nucleotide/106 cells for
virus-infected cells (Fig. 5b). These results show that infection
did not alter the total amount of nucleotides, but instead their
distribution. This altered distribution resulted in a decrease inFig. 7. Dengue virus infection induces ultrastructural alterations in HepG2 cells. (a)
particles of DV-infected cell (arrows); (c, d) DV-infected cell showing membrane b
Bar=500 nm.the energy charge (EC), which reflects the cellular state of free
energy availability. An EC value of 1 indicates that all the
available energy is present as ATP and an EC value of zero
means that only AMP is present [26]. The calculated EC values
were 0.93 and 0.81, respectively, for mock-infected and virus-
infected cells (Fig. 5c), indicating that infection promoted a
significant decrease (Pb0.005) in this index.
3.4. DV infection induces ultrastructural alterations in HepG2
cells
Transmission electron microscopy analyses were performed
to associate the alterations in mitochondrial bioenergetics
with possible morphological changes. As shown in Fig. 6,
mock-infected cells exhibit mitochondria with characteristic
electron-dense matrix (Fig. 6a; arrows), contrasting to swollen
mitochondria with a loss of electron density in the matrix of DV-
infected cells (Fig 6b; arrows). In a total of 164 mitochondria
counted in mock-infected cells, 95% presented normal ultra-
structure. In DV-infected cells, 144 mitochondria were counted
and 75% showed some degree of morphological alterations. In
addition to the morphological changes in mitochondria, other
ultrastructural alterations following DV infection can be pointed
out in Fig. 7, including the formation of membrane blebs (Fig. 7c
and d; arrow heads) and the localization of mitochondria around
the nuclear membrane (Fig. 7c; arrows). Mock-infected cell, onMock-infected cell, presenting an intact cellular membrane; (b) electron dense
lebs (arrow-heads) and mitochondria around the nucleus (arrows), N: nucleus.
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Electron dense particles seen in Fig. 7b are compatible with DV
particles [30].
4. Discussion
Virus infections elicit a number of cellular responses in the host
that may create a hostile environment to the virus and therefore to
control replication and minimize the deleterious effects of
infection. Viruses, on the other hand, have developed strategies
to curtail the cellular responses and ensure the success of
infection. Among different hosts and viruses many of these
responses involve alterations in energy metabolism, in particular
an increased utilization of glucose molecules, alterations in the
production of ATP and the modulation ofmitochondrial functions
[13,31–33]. This last response is evident concerning the process
of apoptosis, which most frequently includes alterations in
mitochondrial integrity [13,14,32]. The present work shows that
cells infected with DV present mitochondrial dysfunction
characterized by functional and ultrastructural alterations.
The respiratory properties of HepG2 cells were clearly
altered by DV infection, which promoted an increase in cellular
oxygen consumption along with a decrease in RCR and ADP/O
(Figs. 1a, b, 2a, b and 3). A decrease in the RCR suggests that
significant morphologic alterations of mitochondria may be
undertaken in HepG2 cells after DV infection, which can be
confirmed from the TEM analyses (Fig. 6). In addition, the
decrease in ADP/O ratio (Fig. 3c) and the increase in both
oligomycin-independent respiration (Figs. 1c and 2c) and state
4 respiration (Fig. 3a) indicate that DV infection causes an
uncoupling of the electron transfer chain from the phosphor-
ylation of ADP, which results in a decreased efficiency for
synthesis of ATP [34]. Both the decrease in RCR and in the
ADP/O in virus-infected cells are due to the marked increase in
the rate of state 4 respiration, since state 3 respiration was not
significantly changed neither in Complex I nor Complex II-
linked substrates (Figs. 2a and 3a). Additionally, the increase in
oligomycin-independent respiration also indicates an increase
in proton leak, a feature of uncoupled oxidative phosphorylation
in DV-infected cells (Figs. 1a, c and 2a and c).
Mitochondrial uncoupling reflects a flux of protons from the
inter-membrane space to the mitochondrial matrix through
channels other than the FoF1 ATP synthase and, therefore, not
coupled to ATP synthesis. When mitochondrial uncoupling is
physiological, there is an increase in electron transport and in
oxygen consumption due to a small decrease in the ΔΨm in
order to maintain the electrochemical proton gradient and the
synthesis of cellular ATP [34]. However, when mitochondrial
uncoupling is important, one may expect a substantial decrease
in ΔΨm, as observed in Fig. 4, with several consequences for
cellular energy homeostasis, as occurred with HepG2 cells
infected with DV. The decrease in ΔΨm in intact cells infected
with DV may be explained, in part, by an increase in proton
leak, in accordance with the increase in oligomycin-indepen-
dent respiration (Fig. 1c).
The effects of DV infection on the respiratory properties and
mitochondrial membrane depolarization, which decreased theefficiency of ATP synthesis, also promoted a significant
decrease in the steady-state ATP concentration of HepG2 cells
(Fig. 5a). This decrease in the content of cellular ATP may
indicate that energy demand is increased due to the synthesis of
viral proteins. By this way, it can be speculated that DV
infection also affects cellular regulatory mechanisms that com-
pensate for mitochondrial inefficiency, such as an increased
production of glycolytic ATP, as observed in various situations,
like alphavirus infection [33].
As shown in Fig. 5a, although the total nucleotide pool was not
altered (Fig. 5b), infection induced a significant change in the
relative amounts of ATP, ADP and AMP. This led to a decrease in
EC in virus-infected cells (Fig. 5c). EC in hepatocytes is usually
around 0.9 [35], a value similar to that observed formock-infected
cells in the present work. In liver cells, when ATP synthesis is
impaired, the ECmay reach extremely low levels such as 0.7 [36].
Thus, the EC of 0.8 observed in virus-infected cells indicates a
metabolic stress. It has been shown that myocarditis induced by
CoxsackieB3 virus promoted a decrease in cellular EC, and it was
suggested that this alteration in energy balance is involved in the
pathogenesis of the Coxsackie virus infection [37]. Although the
role of energy homeostasis in DV infection has never been
addressed, it can be suggested that the deregulation of processes
involved in ATP balance may be associated with the pathogenesis
of DV infection.
The altered bioenergetic status caused by DV infection may
be regarded as an initial sign of a more serious condition.
Although cell viability was not altered in DV-infected cells in all
m.o.i. used (data not shown), the small but significant decrease
in cellular ATP and EC might be signalling an apoptotic sti-
mulus, since it has been demonstrated that a transient decrease
in the content of cellular ATP preceded the initiation of the
apoptotic cascade in another cell type [38]. In agreement with
these observations are the ultrastructural alterations in mito-
chondria in DV-infected cells (Fig. 6b), showing a loss of
electron density in the matrix and mitochondrial swelling. This
feature is characteristic of the permeability transition state, and,
therefore, may indicate an increase in outer mitochondrial
membrane permeability [16,39]. This association between mi-
tochondrial structure and metabolic function has already been
studied [40], however not in cells infected with DV. Although
nuclear alterations typical of the apoptotic process have already
been described in HepG2 cells infected with DV [8,41], this is
the first report of mitochondrial morphologic alterations.
Additionally, other apoptotic features can be observed in DV-
infected cells, such as the localization of mitochondria around
the nucleus and membrane blebs (Fig. 7c and d), as previously
shown for other cell types infected with DV [8,10,42]. Ac-
cordingly, Hoechst fluorescence indicated an increase in the
percentage of apoptotic cells from 5–10% in mock-infected
cells to 15–20% in DV infected cells (data not shown).
The mechanisms through which DV infection most contribute
to the observed functional and morphological alterations remain
open. Cellular proteins that interact directly with mitochondria,
such as pro- or anti-apoptotic Bcl-2 family proteins, might be
involved [8,10,13,43]. Additionally, reactive oxygen and nitrogen
species may contribute to mitochondrial dysfunction, since DV
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[12,44,45].
Specific viral proteins, which interact with mitochondria,
have the potential to affect mitochondrial membrane permeabil-
ity and thus the process of apoptosis, as shown for other viruses
[13–15]. Our observations that ADP/O ratio is decreased and
oligomycin-independent respiration in increased after infection
favor the hypothesis that viral proteins or viral sub-products
could be interacting with mitochondrial membranes of HepG2
cells, altering their permeability, increasing proton leak and thus
causing the described alterations in mitochondrial physiology.
Indeed, further studies are needed to clarify the causal link
between mitochondrial physiology and the apoptotic events in
DV infection. It is important to mention that the fact that either
basal and oligomycin-independent respiration are stimulated by
DV infection rules out, at least at this stage of DV infection, an
important impairment of respiratory electron chain complexes
activities, as reported in some mitochondrial dysfunction as
observed in sepsis in both human [28] and animal [29] studies.
In the present work we described for the first time functional
and structural alterations in mitochondria, related to bioenergetics
and energy homeostasis of cultured human hepatic cells infected
with DV. These results contribute to the understanding of the
events occurring in host cells during the course of DV infection
and possibly to the processes leading to cell death. It seems that
derangements in energy metabolism are associated with apopto-
sis, and that this mechanism of cell death is intimately associated
with the pathogenesis of DHF/DSS [10]. Our results indicate that
derangements in energy metabolism are signs of DV infection,
which seem to precede cell death, since cell viability, in the time
course observed, was not altered. In conclusion, the identification
of early signs of metabolic deterioration could be a valuable tool
to develop strategies to minimize cell damage and ultimately
interfere with the replication cycle of DV.
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